Objectives: This study identified and characterized mcr-1-positive Enterobacteriaceae (MCRPE) and carbapenemase-producing Enterobacteriaceae (CPE) in hospital sewage water.
Introduction
Due to the heavy use of carbapenem antibiotics, carbapenemase genes have spread worldwide in both pathogenic and commensal bacteria, leaving very few clinical treatment options available. 1 In spite of the renal and neural toxicity it can cause, colistin is currently considered to be the last-resort antimicrobial agent to combat carbapenem-resistant Enterobacteriaceae. 2 Since first being reported in 2015, 2 the plasmid-borne mcr-1 gene has been detected in humans, animals and environments in multiple countries. [2] [3] [4] [5] [6] However, little is known about the presence and characterization of mcr-1-positive Enterobacteriaceae (MCRPE) and carbapenemase-producing Enterobacteriaceae (CPE) isolates in hospital sewage, an important reservoir for antibiotic resistance determinants. 7 In this study, the presence of mcr-1 and carbapenemase genes in Enterobacteriaceae was confirmed in sewage water samples collected from five tertiary hospitals.
Materials and methods

Sample collection and bacterial isolation and identification
In December 2016, 500 mL sewage water samples were collected in sterile bottles from influents and effluents of four tertiary care teaching hospitals with 1200-1900 beds each (hospitals A, B, D and E) located in the centre of Beijing and one hospital with 800 beds (hospital C) in the north of Beijing. In total, five influent and effluent samples were obtained and immediately transported to the laboratory on ice. From each sample, 100 lL was directly plated onto eosin-methylene blue (EMB) agar containing imipenem (1 mg/L) and colistin (1 mg/L) and incubated at 37 C overnight. Bacterial colonies with distinct morphologies were identified using MALDI-TOF MS (Bruker Daltonik GmbH, Bremen, Germany) and further investigated. In total, 37 isolates of Enterobacteriaceae were obtained. 
Antimicrobial susceptibility testing
Antimicrobial susceptibility testing was performed on all isolates using the agar diffusion method according to CLSI guideline M100-S27 (2017). 8 The results were interpreted following the CLSI document for all antibiotics except colistin and tigecycline, which were evaluated using EUCAST criteria. 9 The standard strains Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853 were used as quality controls.
Amplification of antibiotic resistance genes
All isolates were screened for the presence of b-lactamase genes (bla SHV , bla TEM , bla CTX-M , bla NDM , bla KPC , bla IMP , bla VIM and bla OXA-48 ) and colistin resistance genes (mcr-1 and mcr-2) using standard PCR as described previously 2,10,11 and amplicons were sequenced.
Strain typing
MLST was performed as described on the Pasteur MLST website (Klebsiella pneumoniae MLST, http://bigsdb.pasteur.fr/), Warwick MLST website (E. coli MLST, http://enterobase.warwick.ac.uk/species/ecoli/allele_st_search) and PubMLST website (Enterobacter cloacae and Citrobacter freundii MLST, https://pubmlst.org). E. coli were also assessed by phylogenetic group as previously described.
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Conjugation and plasmid typing
Conjugation experiments were carried out using a broth mating method as described previously. 13 For all isolates other than rifampicin-resistant isolates, bla KPC-2 -, bla NDM-1 -and mcr-1-positive strains served as donors and E. coli EC600 (lac negative, Nal R , Rif R ) was used as the recipient. Transconjugants were selected on China blue lactose agar plates containing rifampicin (300 mg/L) and imipenem (1 mg/L) or colistin (1 mg/L). Transfer frequencies were calculated as the number of transconjugants obtained per recipient. Positive transconjugants were confirmed by PCR with specific primers and by sequencing. Antimicrobial susceptibility was determined using the agar diffusion method as described previously. 8 The transconjugants obtained were subjected to plasmid incompatibility typing by the PCR-based replicon typing method as described previously. 14 S1-nuclease-PFGE and Southern blotting S1-nuclease-PFGE and Southern blotting were performed to estimate the number and size of plasmids harboured by bla KPC-2 -, bla NDM-1 -and mcr-1-positive strains as described previously. 15 The mcr-1, bla KPC and bla NDM genes were detected by digoxigenin-labelled specific probes (DIG High Prime DNA Labeling and Detection Starter Kit II, Roche Diagnostics, Mannheim, Germany). Salmonella enterica H9812 was used as a size marker.
Results
A total of 37 Enterobacteriaceae isolates were recovered from influent (n " 29) and effluent (n " 8) samples. Twenty-five isolates were obtained from EMB agar containing colistin (1 mg/L), including E. coli (n " 10), K. pneumoniae (n " 7) and E. cloacae (n " 8).
Twelve isolates were obtained from EMB agar containing imipenem (1 mg/L), including K. pneumoniae (n " 4), C. freundii (n " 3) and E. cloacae (n " 5). Of the 12 carbapenem-resistant isolates, 3 carried the bla NDM-1 gene and 9 carried the bla KPC-2 gene. Among the 25 isolates obtained from EMB agar containing colistin, 9 E. coli isolates were confirmed to harbour mcr-1 (Table 1) , including 6 isolates originating from influent sewage (hospitals C, D and E) and 3 isolates originating from effluent sewage (hospitals C and E). Most of the isolates also harboured other b-lactamase genes, including bla TEM-1 , bla SHV-12 and bla CTX-M-14 .
The nine mcr-1-positive E. coli isolates were grouped into eight STs and three phylogenetic groups. Phylogenetic analyses revealed that CP17, CY24, BJ34, BJ36, BJ37 and BJ72 strains belonged to group A, CP85 and CY28 strains belonged to group B1 and CP81 belonged to group D. Four K. pneumoniae isolates, one C. freundii isolate and four E. cloacae isolates carried the bla KPC-2 gene. All K. pneumoniae isolates belonged to ST11, the C. freundii isolate belonged to ST14 and the four E. cloacae isolates belonged to four STs (Table 1) . Three Enterobacteriaceae isolates carried bla NDM-1 genes, including two C. freundii isolates (ST19 and ST22) and one E. cloacae isolate (ST910).
Conjugation experiments were performed on all isolates except CP05 and CP15 due to their rifampicin resistance. Three mcr-1 genes, two bla KPC-2 genes and one bla NDM-1 gene were successfully transferred into E. coli EC600. ). CP73T and CY32T also obtained the bla SHV-12 gene and the bla TEM-1 gene, respectively. The transconjugants of mcr-1-positive isolates, CP17T, BJ36T and BJ37T, were confirmed to carry the mcr-1 gene on an IncX4 plasmid. CP73T harboured the bla NDM-1 gene on an IncX3 plasmid. CY32T and CY33T plasmids harbouring the bla KPC-2 gene were non-typeable. S1-nuclease-PFGE and Southern blotting of the 21 isolates showed that the mcr-1 gene was located on plasmids with sizes ranging from 33 to 240 kb. The plasmids harbouring the bla NDM-1 and bla KPC-2 genes ranged in size from 40 to 75 kb and from 30 to 90 kb, respectively, and C. freundii CY33 carried the bla KPC-2 gene on two plasmids of different sizes (Table 1) .
Discussion
Recently, mcr-1 and carbapenemase genes have arisen in various aquatic environments, including seepage, rivers, well water and wastewater treatment plants. [16] [17] [18] The primary source of antibiotic resistance genes in these sites is likely to be hospital wastewater. 7 Due to the continuous introduction of faeces and urine, hospital sewage systems are an ideal setting for the evolution and spread of antibiotic resistance genes. 18 In our study, we demonstrated the presence of mcr-1-positive E. coli, bla NDM-1 -carrying E. cloacae and C. freundii and bla KPC-2 -carrying K. pneumoniae, E. cloacae and C. freundii in sewage water from four hospitals. Similar to previous research, the mcr-1 genes were harboured by multiple clones of E. coli with various STs. 19 It is noteworthy that mcr-1-positive E. coli ST10, ST101 and ST410 isolates were also found in hospital sewage. These STs are associated with mcr-1-positive, infection-causing isolates.
3, 15 We also found that two mcr-1-negative E. cloacae strains, CY31 and CY32, showed high MICs of colistin and suggest that this resistance may be the result of chromosomal mutations. The bla KPC-2 gene is the most common carbapenemase gene in various species of Enterobacteriaceae. 20 In this study, we determined that the bla KPC-2 gene is distributed among different Enterobacteriaceae species. In particular, bla KPC-2 -carrying K. pneumoniae ST11 isolates were detected in influent and effluent sewage. In China, the bla KPC-2 gene is the most frequent carbapenemase gene and the mcr-1-positive Escherichia coli in hospital sewage JAC Table 1 . ST11 strain is the main type of K. pneumoniae causing nosocomial outbreaks in hospitals. 20 These findings revealed that hospital sewage contains multiple antibiotic-resistant Enterobacteriaceae pathogens that have been directly linked to clinical infections.
In most MCRPE isolates, plasmids carrying the mcr-1 gene were 33 kb. Notably, the E. coli CP17 strain (ST10) harboured the mcr-1 gene on an IncX4 plasmid (33 kb). This type of plasmid has been found among E. coli ST10 recovered from clinical samples, including blood, urine and faeces. 3, 15 However, the plasmids of CY28, BJ34, PP01 and BJ66 strains failed to hybridize with specific probes in two separate experiments, suggesting that the mcr-1 and bla KPC-2 genes in these strains were probably encoded on the chromosome. Additionally, in the CY33 strain two different plasmids carried bla KPC-2 genes. Although this did not result in higher carbapenem MICs, it would be expected to enhance resistance transmission in the aquatic environment.
In China, mcr-1 and bla NDM have been found recently in sewage water collected from a farm and a slaughterhouse. 4 To the best of our knowledge, this is the first report of mcr-1-positive E. coli and bla NDM-1 -carrying E. cloacae and C. freundii recovered from hospital sewage water. Our results suggest that hospital sewage is an important reservoir for the mcr-1 gene and that the gut flora may be a major source. Continued discharge of sewage will lead to further spread of antibiotic resistance genes into urban sewage, rivers and other natural environments, posing a threat to human health.
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